Strains of Neisseria gonorrhoeae possess numerous restriction-modification (R-M) systems. One of these systems, which has been found in all strains tested, encodes the S.NgoVIII specificity (5′ TCACC 3′) R-M system. We cloned two adjacent methyltransferase genes (dcmH and damH), each encoding proteins whose actions protect DNA from digestion by R.HphI or R.NgoBI (5′ TCACC 3′). The damH gene product is a N6-methyladenine methyltransferase that recognizes this sequence. We constructed a plasmid containing multiple copies of the S.NgoVIII sequence, grew it in the presence of damH and used the HPLC to demonstrate the presence of N6-methyladenine in the DNA. A second plasmid, containing overlapping damH and Escherichia coli dam recognition sequences in combination with various restriction digests, was used to identify which adenine in the recognition sequence was modified by damH. The predicted dcmH gene product is homologous to 5-methylcytosine methyltransferases. The products of both the dcmH and damH genes, as well as an open reading frame downstream of the damH gene are highly similar to the Haemophilus parahaemolyticus hphIMC, hphIMA and hphIR gene products, encoding the HphI Type IIs R-M system. The S.NgoVIII R-M genes are flanked by a 97 bp direct repeat that may be involved in the mobility of this R-M system.
INTRODUCTION
DNA methylation is a common form of DNA modification in both prokaryotes and eukaryotes. In prokaryotes, these enzymes are usually paired with restriction enzymes, both which recognize the same DNA sequence. Hundreds of DNA restriction-modification (R-M) systems have been cloned from a wide variety of bacterial genera (1) (2) (3) . DNA R-M systems have been classified as Type I, II, IIs, and III based on cofactor requirements, protein structure, and the nature of the recognition cut sites. Type II systems are found in most bacteria and are the simplest in structure, containing a methyltransferase (MTase) and a restriction endonuclease (ENase) that act independently of one another (3, 4) . Type IIs systems differ from Type II systems in that their recognition sequences are non-palindromic and the scission event does not take place within the recognition sequence (5) . Type IIs systems often contain three proteins: one ENase and two MTases, with each MTase recognizing and methylating bases on opposite strands of the recognition sequence. Both Type II and Type IIs MTases can modify DNA to produce 5-methylcytosine (5mC), N4-methylcytosine (N4-mC) and N6-methyladenine (N6-mA), while N6-mA is the only type of modified base resulting from the action of Type I and III MTases (2, 3) .
Neisseria gonorrhoeae strains contain at least 16 different DNA R-M systems (6) (7) (8) (9) . The necessity of this large number of R-M systems within individual strains remains unknown. The genes encoding several R-M systems have been deleted in a single gonococcal strain resulting in a moderate reduction in the barrier to DNA-mediated transformation with non-Neisserial DNA, but no other phenotypic alterations were observed (10). Piekarowicz et al. (11, 12) isolated from strain WR302 a 5mC MTase, M.NgoBI, and an ENase, R.NgoBI, that recognized the sequence 5′ TCACC 3′. These enzymes belong to the R-M system S.NgoVIII, first predicted to be present in N.gonorrhoeae by Korch et al. (13) . We wished to characterize the DNA encoding the S.NgoVIII R-M system to determine if the S.NgoVIII system is a typical Type IIs system (does it possess a single protein with restriction activity and two proteins with MTase activity), and to examine its similarity to the isoschizomeric system, HphI.
MATERIALS AND METHODS

Plasmids and strains
Escherichia coli strain DH5αMCR (Bethesda Research Laboratory) was used to harbor all plasmids. N.gonorrhoeae strain WR302 was used to isolate R.NgoBI and served as a source of (14) , pUC19 (15) and pBluescript SK-(Stratagene, La Jolla, Ca) were also used in this study.
Enzymes and chemicals
All restriction enzymes and T 4 DNA ligase were purchased from New England Biolabs, (Beverly, MA). All other enzymes, including snake venom phosphodiesterase and pancreatic DNase, and chemicals used were molecular biology grade or better, and were from Sigma Chemical Co., St. Louis, MO.
DNA cloning
Plasmid DNA and chromosomal DNA were isolated by procedures described in Sambrook et al. (16) . E.coli transformations were performed by the CaCl 2 technique (16) . Isolation of the original S.NgoVIII MTase clone, pBH6, has been previously described (7) . A plasmid clone nearly identical to pBH6, pWR8, was identified by colony hybridization using pBH6 as a probe. pWR8 is pUC19 containing a 1.6 kb Sau3AI fragment from strain WR302, and was derived from chromosomal DNA that was partially digested with Sau3AI and ligated into the BamHI site of pUC19 prior to transformation into DH5αMCR. Also identified from this Sau3AI library using pBH6 as a probe was plasmid pWR50. Plasmid pWR3 is pK18 containing a 2.5 kb SalI-HindIII fragment from strain WR302. The molecular size of the SalI-HindIII fragment of interest was determined by Southern blot analysis of SalI-HindIII digested chromosomal DNA probed with pBH6. The region of DNA containing this fragment was isolated via a sucrose gradient. DNA from the sucrose gradient containing the desired fragment was ligated to pK18 and transformed into DH5αMCR. The correct clone was identified by colony hybridization using pBH6 as a probe. The clone pWR10 was derived by cloning the SalI-EcoRI fragment of pWR8 into the SalI-EcoRI sites of pWR3 which created a plasmid with joined, contiguous chromosomal regions. (Note: the EcoRI site is found in the cloning vector 5′ to the SalI site, as shown in Figure  1 .) The damH gene represents the N6-mA MTase and the dcmH gene represents the 5mC MTase.
Southern blot analysis
Southern blots were performed by the procedure of Reed and Mann (17) and colony blots were accomplished as described in Sambrook et al. (16) . DNA probes were generated through the use of the Genius labeling system (Boehringer Mannheim, Indianapolis, IN) and chemiluminescence was achieved with the substrate, Lumiphos (Boehringer Mannheim). Hybridization and detection were performed following the manufacturer's protocols.
DNA sequencing
The DNA sequence of the S.NgoVIII genes was determined by the Sanger dideoxy-sequencing method (18) using single-strand and double-strand templates. This sequence has been submitted to DDBJ/EMBL/GenBank under the accession number AF001598. Plasmid pWR8 was prepared for sequencing by subcloning fragments into M13. Plasmid pWR3 was prepared for sequencing by cloning the entire insert into M13. The erase-abase Kit (Promega Corp, Madison, WI) was utilized to produce progressive deletions in this insert. Plasmid pWR50 was sequenced using a set of primers derived from previous sequencing information. Sequencing reactions were performed with reagents from the Sequenase kit (U.S. Biochemicals, Cleveland, OH) and run on a 4% wedge gel in an LKB sequencing apparatus. When required, primers were synthesized at the University of Maryland Biopolymer Laboratory. The DNA sequence was analyzed using the computer programs Genepro (Riverside Scientific), PC Gene (Intelligenetics), or GCG (Wisconsin Package, version 7.0).
Detection of enzymatic activities
Plasmids that were resistant to digestion but containing sites recognized by NgoBI or HphI were assumed to be expressing NgoVIII MTase activity. R.NgoBI was isolated by column chromatography from N.gonorrhoeae strain WR302 by the procedure described by Piekarowicz et al. (12) . New England Biolabs buffer 1 was used for all DNA digests containing R.NgoBI.
Strain and plasmid construction
An overlapping MboI/NgoVIII site was introduced into M13. Two bases (underlined) were modified by the procedure of Kunkle (20) by isolating ss M13mp19 DNA and annealing it to a primer 5′ GCTGATTGCCGATCACCGCCTGGCCC 3′, which binds between base positions 5936 and 5961 of M13. The 3043 bp NdeI fragment containing this mutant site was cloned into the EcoRV site of pBluescript SK-. A 620 bp BamHI fragment was deleted from this clone, and the damH gene (contained on a Sau3AI fragment from pWR8) was cloned into this BamHI site. This plasmid, pDU8, was transformed into the Dam -E.coli strain ER1470. A 2450 bp HindIII fragment containing the MboI/NgoVIII overlap was purified from pDU8 by Geneclean (Bio 101, La Jolla, CA), digested with either MboI or Sau3AI, and the digestion products analyzed by gel electrophoresis on a 1.5% agarose gel.
A primer containing six repeating HphI sites (GATCGGTGAT-CACCGGTGATCACCGGTGATCACC) was self annealed and ligated to BamHI digested pBR322. An EcoRI fragment containing the entire dcmH gene was cloned into the EcoRI site of this construct. A 452 bp NheI-SalI fragment containing all six HphI sites was isolated by electroelution and digested to nucleosides with pancreatic DNase and snake venom phosphodiesterase. The sample was analyzed by chromatography on a Waters Action Analyzer FPLC with a µbondapak C-18 column. The mobile phase was 0.5 mM ammonium phosphate, pH 3.5. Bases were detected at a wavelength of 256 nm. The column was washed with 30% acetonitrile after each run.
RESULTS AND DISCUSSION
Characterization of pBH6
pBH6 is a recombinant plasmid that is insensitive to digestion with HphI (7), even though this plasmid has many HphI sites. pBH6 was obtained from a gene bank made from a Sau3AI partial digest of chromosomal DNA isolated from gonococcal strain MS11 and contains an insert of ∼2.0 kb. Since an insert of this size could encode both a MTase and an ENase, we tested this clone for 
'
ENase activity. No ENase activity was detected by enzyme purification techniques nor was there a reduction in the number of λ plaques obtained when one compared the efficiency of plaque formation on E.coli containing pHSS6 (the vector) with the efficiency of plaque formation seen in E.coli pBH6 (data not shown). To determine the location of the MTase gene on the insert, a variety of subclones of pBH6 were constructed. These subclones were tested for their methylation phenotype based upon their sensitivity to digestion with HphI. Using this procedure, the MTase gene was mapped to a region of ∼1 kb (data not shown, refer to Fig. 1 for a restriction map of this chromosomal region).
Subclones of the pBH6 insert were cloned into M13 and their DNA sequence determined. One open reading frame (ORF) was identified that corresponded to the region predicted to contain the MTase gene. This ORF was contained on a 1.6 kb Sau3AI fragment. The predicted protein product was 334 amino acids in length and would have a molecular weight of 37.2 kDa. This gene was transcribed from its own promoter, since plasmids containing the Sau3AI fragment in either orientation were resistant to digestion with HphI (data not shown). The predicted protein sequence of this gene was aligned to protein sequences in the database. This analysis revealed similarity to proteins with a 'DPPY' motif, found in N6-mA and 4mC MTases, with the HphIM(A) N6-mA MTase being highly similar to the predicted protein product (74% identity, 83% similarity) (Fig. 2) . The gene encoding the putative MTase was named damH. A partial ORF downstream of the damH gene was examined for similarity to protein sequences in the database and it was found to be homologous to the C-terminus of 5mC MTases. From these data, we hypothesized that the S.NgoVIII system contained two MTases and was likely a typical Type IIs system. 
Cloning of the regions surrounding damH and identification of putative ORFs
To determine if the MTase gene upstream of the damH gene was associated with the S.NgoVIII R-M system, it was necessary to clone the entire gene. Using pBH6 as a probe, a 2.5 kb SalI-HindIII fragment was identified by Southern blot analysis that would contain this second MTase. This fragment was cloned from strain WR302 into plasmid pK18, producing plasmid pWR3. Additional clones (pWR8 and pWR50) containing a fragment that hybridized to pBH6 were identified from a new Sau3AI gene bank. The cloned fragment of pWR8 was identical to that in pBH6, except that it lacked a 400 bp Sau3AI fragment found at one end of pBH6 (later shown to be non-contiguous, data not shown). The fragment of pWR50 included sequences downstream of the MTase genes. A SalI-EcoRI fragment of pWR8 was ligated into the SalI-EcoRI site of pWR3 to produce a plasmid with contiguous chromosomal regions (pWR10) (see Fig. 1 ). The complete sequence of the insert of pWR10 and ∼2 kb of sequence downstream of the MTase genes on pWR50 were determined. Sequence analysis revealed a complete ORF upstream of the putative N6-mA MTase whose translated product has extensive homology to 5mC MTases, and is highly similar to the HphI(C) MTase (75% identity, 84% similarity; Fig. 3 ). This MTase would be 335 aa in length and have a predicted molecular weight of 39.5 kDa.
In addition to the two MTase ORFs, one other complete ORF, located downstream of the MTase genes, and two partial ORFs were identified. The complete ORF showed extensive similarity to the HphI restriction endonuclease (56% identity, 74% similarity, Fig. 4 ). There are very few examples of similarity among ENases, even among isoschizomers. The R.HphI/S.NgoVIII ENase similarity suggests that a recent horizontal transfer of this system occurred between Neisseria and Haemophilus.
The DNA sequence reported here is also found on Contig328 of the N.gonorrhoeae FA1090 genome sequence April 26 release Identical amino acids are denoted by a vertical line, two dots denote a highly conservative substitution, and one dot a conservative substitution. Gaps needed to align the sequence are denoted with a *. (19) . There are 4 bp differences in and around the coding region for dcmH, but these would result in silent or conserved changes in the protein sequence. The DNA sequence that corresponds to damH is identical in both strains. There are 10 differences in the sequence of the dcrH gene. The major significant difference is an additional base present in FA1090 at position 3138 of our reported sequence, which would result in a frameshift mutation in the putative dcrH gene of FA1090.
The putative gonococcal ENase does not contain the P(E/D)X 9-18 (E/D)XK motif found in the R.HphI protein sequence that is thought to be necessary for catalytic activity and Mg 2+ binding (21); however, the corresponding region matches this motif, as found in HphI, in 18 of 22 residues (Fig. 4) . Using various subclones and methodologies, we were unable to detect S.NgoVIII restriction enzyme activity from any E.coli clone containing this ORF on a plasmid (data not shown). Since this gene is present in one copy and was cloned from a gonococcal strain (WR302) known to express this ENase activity, this lack of enzyme activity is probably due to poor expression in E.coli. The coding sequence for all three genes overlap. Since the sequence for the restriction enzyme is last, its expression is probably attenuated the greatest. The absence of the P(E/D)X 9-18 (E/D)XK motif as an artifact of cloning is an unlikely explanation for lack of enzymatic activity because the DNA sequence from FA1090 and WR302 are identical in this region.
The partial ORF, beginning at the HindIII site at the end of the pWR50 insert, and ending 34 bp from the dcmH gene start codon, shares extensive homology (62% identity over 265 aa at the 3′ end of texA) with the Bordetella pertussis texA gene product (22) . This gene product is thought to be a member of a novel group of transcriptional accessory proteins involved in toxin gene transcription, and is essential for B.pertussis viability.
The HphI R-M system is flanked by a 56 bp direct repeat (23) . The S.NgoVIII system is also flanked by a direct repeat. However, the Neisserial repeat is much longer (97 bp, from bp 269-366 and 4025-4122) and is not similar to the Haemophilus repeat. As postulated for the HphI system, this direct repeat may be involved in mobility of the S.NgoVIII R-M system. In support of this hypothesis, two uptake sequences, whose presence on the DNA is required for efficient uptake of exogenous DNA by the gonococcus, are located between the direct repeats. Furthermore, DNA sequences on either side of the S.NgoVIII gene cluster share homology with texA, indicating that this sequence has insertionally inactivated this gene.
Neisseria meningitidis contains DNA encoding proteins similar to those of the gonococcal S.NgoVIII system (24), but Figure 6 . Separation profile of nucleosides from a DNA fragment containing sites methylated by the damH gene product. A pBR322 clone containing the damH gene was constructed to contain six S.NgoVIII sites. A 452 bp fragment containing the six S.NgoVIII sites (plus two in the vector) was isolated and digested to nucleosides. The sample was analyzed with a Waters FPLC on a µbondapak C-18 column. The mobile phase was 0.5 mM ammonium phosphate, pH 3.5. Comparison with standards indicated that N6-methyladenine and no N4-methylcytosine was present in the sample.
close inspection reveals quite a difference in gene organization. The product of the dcmHgene and a N.meningitidis ORF show 87% identity (89% similarity). As in the gonococcus, upstream of the S.NgoVIII 5mC MTase is a homologue of the B.pertussis texA gene. Downstream of this putative NgoVIII 5mC-like MTase in N.meningitidis is a partial ORF with high similarity to the gonococcal N6-mA MTase (97% identity over the N-terminal 114 residues). However, this N.meningitidis ORF is interrupted by a truncated galE gene. Located downstream of the truncated N6-mA MTase and galE genes are genes involved in capsule and lipooligosaccharide biosynthesis. Therefore, it appears that a segment of DNA encoding capsule and lipooligosaccharide biosynthetic genes has recombined within the N6-mA MTase gene of N.meningitidis. However, no further similarity to the N6-mA MTase has been identified nor has a S.NgoVIII ENase homologue been identified in N.meningitidis.
Examination of the ability of MTase to protect DNA from cleavage
To determine if the 5mC or the N6-mA MTase was able to protect endogenous DNA from digestion with HphI or NgoBI, we challenged plasmid pWR3 (containing only the 5mC MTase gene), pWR8 (containing only the N6-mA MTase gene) and pWR10 (containing both genes) with either of these enzymes. The digested DNA was examined by agarose gel electrophoresis.
Plasmids pWR3 and pWR10 were only partially protected against digestion by these enzymes (data not shown). Because the MTase genes were oriented in the opposite direction as the lacZ promoter of the vector, it was possible that the observed partial protection was due to low level gene expression. Therefore, the inserts in these plasmids were cloned into pUC19 to align them with the lacZ promoter of the vector (creating pWR31 and pWR101). As shown in Figure 5 , when in this orientation, both MTases fully protect its plasmid DNA against both R.NgoBI and HphI. Therefore, either MTase gene alone encodes a protein that can protect the plasmid against digestion by either R.HphI or R.NgoBI.
Identification of the base specificity and type of methylated base of the damH gene product
In order to confirm that the damH gene encoded a protein with N6-mA and not 4mC activity, and to identify which base within the recognition sequence the damH product was methylated. A primer containing six S.NgoVIII recognition sites was selfannealed and ligated to BamHI digested pBR322 to give plasmid pBH322. A DNA fragment expressing the damH gene was cloned into the EcoRI site of pBH322, to give pBHP322. Plasmid pBHP322 was isolated from E.coli and was resistant to digestion by HphI (data not shown). A 452 bp NheI-SalI fragment containing the multiple HphI sites (plus two vector sites found in this region) was isolated by electroelution from a gel, purified, and digested to nucleosides by the combination of pancreatic DNase, snake venom phosphodiesterase and alkaline phosphatase treatment. The derived bases were analyzed by FPLC, and their retention times compared against base standards. Figure 6 shows the separation profile of the standards versus the sample. A 4mC peak was clearly not present; however, a peak was seen that migrated with the same retention time as N6-mA. This peak was smaller than the adenine peak because only ∼3% of the adenines on the examined fragment could be methylated. These data indicate that the damH gene product was a N6-mA MTase.
Since overlapping E.coli dam methylation will protect DNA against digestion by HphI (5′GGTGmATC3′), we used this information to identify which adenine was methylated by the damH gene product. Methylated GATC sites cannot be digested by MboI, but Sau3AI can digest GATC sites irrespective of its adenine methylation status. If the predicted adenine was methylated, DNA isolated from a Dam -strain would only be methylated at the overlapping HphI/MboI site, due to the action of the damH product. Since no vectors could be found that contained overlapping HphI/MboI sites, we constructed one in M13mp19 by site-directed mutagenesis. Two bp were altered at positions 5950 and 5951 of M13mp19. A 3043 bp NdeI fragment carrying this overlap and a fragment carrying the damH gene were cloned into pBluescript SK-. This clone was transformed into the Dam -strain ER1470, and plasmid DNA isolated and digested with HindIII. One of the digestion products was a 2450 bp fragment that contained the HphI/MboI overlap as the sole MboI site. Digestion by MboI at this site would produce fragments of 2145 and 305 bp. The 2450 bp HindIII fragment was isolated from a gel by electroelution and incubated with Sau3AI or MboI. As shown in Figure 7 , MboI did not digest this DNA, but the control digestion with Sau3AI did cleave the DNA, producing the expected fragments. These data confirm that the terminal adenine in the sequence 5′GGTGA3′ is methylated by the damH gene product.
In this study, we report the cloning and characterization of the S.NgoVIII R-M system, its similarity to the HphI R-M system, and comparisons of the genetic organization of this R-M system in N.gonorrhoeae and N.meningitidis. It is interesting to speculate that the multiple Neisserial R-M enzymes may have functions other than the elimination of foreign DNA, such as those important in the disease process. These functions may include the restriction of self DNA, which may act as an initiator of recombination, and may be important because Neisserial surface antigens can vary by mechanisms involving recombination. Since DNA methylation is known to alter the binding of proteins to DNA and to effect gene transcription, it is possible that regulation of DNA methylation could result in altered gene expression. Further characterization and deletion analysis of the gonococcal R-M systems will undoubtedly aid in identifying the role of these enzymes in the biology of N.gonorrhoeae.
